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A coI; ,par ison of t4ie experimental ~ e s u l t s  w i t h  t h o s e  coiii- 

p u t e d  by E ~ ; C  cf e x i s t i n g  th;?os.y is i n c l u d e d ,  I t  i s  s k o v r i  
t h a t  t?i$ r ~ z u 3 - t ~  c z n  bc, p r c d l  c t z d  w i t h  an a c c u r a c y  accepSsS%r 
f o r  p r e l i n i n a r y  desig.1 p u r p o s e s ,  p a r t i c ~ l a r i y  a t  t h e  hi<!ic 
powers W ~ C T L Z  t h s  e f f e c t : ,  are of  s i g n i f i c a n t  magnita2e. 



2 

p r o g r e s s i v e l y  % o r e  d i f f i c u l t  t o  comprorcise t h e s e  r e q u i r e -  
ments i n  a s i n g l e - e n c i n e  a . i rp la i ie .  F o r  exanlple, p r e s e n t  
f l y i n g  q u a l i t i e s  s p e c i f i c ? t i o n s  c a l l  f o r  a l o w  s t i c k  f o r c e  
p e r  u n i t  normal  a c c e Z e r a t i o n  and ,  a t  t h e  same tcme,  r e a u i r e  
s t i c k - f i x e d  a n d  s t i c k - f r e e  s t a b i . l i t y  unde r  f l i g h t  c o n d i t i o n s  
where  t h e  e f f e c t s  o f  power a r e  l a r g e  ( f o r  e x a q i e ,  a r a t e d -  
powel. c l i inb o r  p a r t i a l - p o w e r  approac lz) ,  A l o w  l o n g i t u d i n a l  
s t a b i l . i t g  i s  comlucive  t o  t h e  a t t a i n n e n t  of t h e  f o r m e r  r e -  
q u i r e n e n t ,  u b i l e  a h f g h  s t a b i l i t y  ( w i t h  power o f f  o r  a t  h i g h  
spe3d.I i s  r e q u i r e d  327 t h e  l a t t e r ,  The margin  n e c e s s a r y  o n  
a modern s i n g l e - e n g i n e  f ic ;hter  t e n d s  t o  b e  s o  g r e a t  t h a t  i n  
o r d e r  t o  a t t a i n  t h e  d e s i r e &  l i g h t  s t i c k  f o r c e  i n  manev-vers, 
ar* uaduly c l o s e - b a l a n c e d  e l e v a t o r  must b e  r e s o r t e d  t o .  

As a n  i l l u s t r a t i o n  of  t h i s  p o i n t ,  c o n a i d e r  a, t y p i c a l  
s i n g l e - e n g i n e  a i r p l a n e  po:iered w i t h  A 2100-horsepower e n g i n s ,  
we igh ing  I ~ , O O O  pounds ,  and w i t h  a. uinr load- ing  of 40 pounds 
p e r  s q u a r e  f o o t .  With a n  air;71:i,ne o f  ~ t o r m a l  diIiiensiOns a 
forward s h i f t  o f  t h e  neutr: l . l  p o i n t  o f  as much as 10 p e r c e n t  
mean aerodz,mam?c chord  1 ; i l . L  O C C I J - T ,  duo t o  the a p p l i c s t i o n  o f  
r a t e d  po'nrer s t  a CL of 0 . 8  ( 1 4 3  mph), If s t a b i l i t y  i s  t o  
b e  m a i n t a i n e d  i n  t h i s  c o n d i t i o n ,  ;i dC,/dC~ of at l e z s t  -0 .10 
must e x i s t  power o f f  ( o r  a t  h i g h  s p e e d  where  t h e  e f f e c t s  of 
power a r e  small), I f  t h e  s t i c k  f o r c e  i n  s t e s .dy  t u r n s  i s  t o  b e  
k e p t  w i t h i n  t h e  l i m i t  o f  8 pounds p e r  g ( w h i c h  i s  r e y u . i r e d  
f o r  3 f i g h t e r  o r  an  a t t a c k  a i r p l a n e ) ,  a dCpL/dGe of t h e  o r d e r  
o f  -0 ,001 on a 30-pe rcen t - chord  c l e v a t o r  i s  r e q u i r e d ,  The 
ma in tenance  of t h i s  c l o s e  b a l a n c e  o v e r  a n y t h i n g  b u t  a l i m i t e d  
e l e v a t o r - d e f l e c t i o n  r a n g e  w i l l  b e  d i f f i c u l t ,  a n d  t h e  c o n t r o l  
w i l l  b e  s u b j e c t  t o  o v e r b a l a n c e  d u e  t o  small m a n u f a c t u r i n g  
d e v i a t i o n s  i n  c o n t o u r  or d u e  t o  Plach number e f f e c t s .  

I t  i s  a p p a r e n t  t h a t  a n y  d e s i e n  change  ir, t h e  a . i r p l a n e ,  
which  w i l l  s e d u c e  t h e  d e s t a b i l i z i n g  e f f e c t s  o f  power ,  will 
p e r m i t  t h e  r e d u c t i o n  of  t h e  power-off  s t a , b i l i t g  which  must 
b e  b u i l t  i n t o  t h e  a i r p l a n e ,  Thus,  t h e  a t t a i n m e n t  of 5 0 t h  -- 
a l o ~  s t i c k  f o r c e  p e r  g and  ~ t a b i l . i t g  i n  high-power26 low- 
s p e e d  f l i g h t  w i l l  b e  f a c i l i t a t e d .  An e f f e c t i v e  means f o r  
d e c r e a s i n g  tkLe d e s t a b i l i z i n g  e f f e c t s  o f  power i s  t o  g i v e  t h e  
p y o p e l l e r  t h r u s t  a x i s  a s l i g h t  downwara t i l t .  A 5 O  t i l t  on 
a n  a i r p l a l l e  o f  n o r m 1  n o s e  l e n g t h  w i l l  g i v e  t h e  t h r u s t  a .x i s  
a moment a r m  o f  t h e  o r d e r  o f  0 .1  mean aarodynamic  chord  a b o u t  
t h e  c e n t e r  o f  g r a v i t y .  On t h e  t y p i c a l  a i r i 3 i n n e  b e i n g  c o n s i d -  
e r e d ,  t h e  r e s u l t i n g  t h r u s t  moment ( i f  fw.ll,y e f f e c t i v e )  would  
c a u s e  a s t a b i l i z i n g  i n c r e m e n t  o f  -0.04 i n  ~ C , / ~ C L  a t  a CL 
of  0 - 8  f c r  c l i m b  w i t h  2100 h o r s e ~ o w e r  (Tc = 0 .27) .  The sche -  
m a t i c  s k e t a h  on f i g u r e  1 shows t h a t  a t i l t  of t h i . ;  magn i tude  
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c o u l d  b e  a t t a i n e d  w i t h  v e r y  l i t t l e ,  i f  any ,  change  i n  t h e  
c x t o r n a l  l i n e s  o f  t h e  a i r p l a n e .  

Ia a d d i t i o n  t o  t h e  e f f e c t  of t i l t  of t h e  p r o p e l l e r  
a r i s i n g  d i r e c t l y  f r o m  t h e  p r o p e l l e r  f o r c e s ,  t h e r e  w i l l  b e  
a soconda.ry e f f e c t  on t h o  s l i p s t r e a m  which  a l s o  w i l l  b e  

~ b e n e f i c i o . 1 .  S i n c e  t h e  v e r t i c a l  comyonent o f  t h o  t h r u s t  i s  
d e c r e a s e d  b y  t i l t i n g  t h e  t h r u s t  ax is  downward, t h e  change  i n  
downwash r e s u l t i n g  f rom t h i s  v e r t i c a l  component w i l l  a - l s o  b e  
d e c r e a s e d , *  The s t a b i l i z i n g  e f f e c t  of t h e  d e c r e a s e 6  change  
i n  downwash cannot  b e  computed r e a d i l y ,  b u t  r o u g h  e s t i m a t e s  
i n d i c a , t e  t h a t  i t  c o u l d  b e  a b o u t  h a l f  as large as t h e  e f f e c t  
due  t o  t h r u s t  moment. 

Thus,  t h i s  c u r s o r y  e x a m i n a t i o n  i n d i c a t e s  t h a t  t h e  f o r -  
ward s h i f t  of t h e  n e u t r a l  p o i n t  might  be  r e d u c e d  from a b o u t  
G , l O  mean aerodynamic  chord  w i t h  a n  u n t i l t e d  p r o p e l l e r  a x i s  
t o  0.06 mian aerodynamic  chord. w i t h  a 5' t i l t  ( f i g u r c s  g i v e n  
f o r  2100 hp at a CL of 0 . 8 ) .  I-Zowcver, t h e r e  was t h e  p o s s i -  
b i l i t y  t h a t  a, give:cz g e o m s t r i c  t i l t  of  t h e  t h s u s t  a x i s  might  
n o t  r e s u l t  i n  aE e q u n l  a n g u l a r  changg o f  t h e  l i n e  of a c t i o n  
of t h e  t h r u s t ,  T h e r c  a l s o  was a need f o r  v e r i f i c a t i o n  of 
t h o  com?uted e f f e c t s  o n  t h e  t a i l  and  a d e t e r m i n a t i o n  of t h e  
i n f l u e n c a  of t h e  p o s i t i o n  of the.  t a i l  w i t h  r e s p e c t  t o  t h e  
s l i p s t r e a m .  A c c o r d i n g l y ,  t h e  t c s t s  r e p o r t e d  h e r e i n  wore 
c o n d u c t s d  on a model o f  a ty-pical .  s i n g l e - e n g i n e  a i r p l a n e  
w i t h  t w o  d i f f e r c r , t  t i l t s  o f  t h e  p r o y e l l a r  a x i s .  T h i s  r e p o r t  
p r e s e n t s  t h e  r e s U l t s ,  shows thct o f f e c t s  on t h e  n . s s o c i a t e d  f l y -  
i n g  q u a l i t i e s ,  and  conipczres t h e  e f f e c t s  v i t h  t h o s e  computed 
P r o m  t h e  b a s i c  t h e o r y  i n v o l v e d .  The symbols u s e d  t h r o u g h o u t  
t h e  r e p o r t  a r e  d e f i n e ?  i n  a p p z n d i x  A .  

kODEL AXD APPA9ATUS 

A I 1  t e s t s  were r n n  t n  th-3 Arnes 7- x lG- foo t  wind t u n n o l  
Bo. 2 ,  F i p u r e  2 shows the mode l  mounted i n  t h e  t u n n e l ,  Corn- 
p o n c n t s  of  i model o f  a Douglas  ( E l  Sogundo) a i r p l a n e  were  
used  i n  t h e  assombfg  o f  t h i s  model. 

A Three-view dsawing  of t h e  mode l  i s  shown i n  f i g u r e  3. 
I t  vas assumed t o  b e  EL 3 / 1 6 - s c a l e  model of a n  a i r p l a n e  weigh-  

*The d e s t a b i l i z i n g  e f f e c t s  of :cower a r e  t r a c e a b l e  i n  a 
l a r g e  measure  t o  t h e  i n c r o a s e  of downwash i n  t h e  s l i p s t r e a m  
and t h e  r e s u l t i n g  i n f l u e n c e  02 t h e  tai l  ? ? i t c h i n g  moment. 



‘iag 14,700 pcuri&s, wing  Tea& 
dimensions ~ r ’  t h e  m o d e l  and %he fu l l - s c f t lo  n i r p l a n d  (r?ssU1~--. 
ing 3/16 scale) a r e  g i v c n  i n  t h e  table on f i g i r r :  3, 
model was eqn5ppsd with vaned, s l o t t e d  f l s p a .  It, v i l . 1  bc 
n o t e d  t h a t  t h e r e  are t w o  t a i l  l o c a t i o n s :  u ~ e  d e s i g n a t e d  i . 11~  
normal  t a i l  p o s i t i o n ,  and t h e  o t h e r  t h e  r a i s e d  t a i l  p o s i t i o i i .  

fuselage reference l i n e  ( a  line c o r r e s p o n 3 f n g  t o  a n  u n t i l t o d  
t h r u s t  a x i s  ) . 

%g,,ti, *Le c h a r a c t e r i s t i c  

T n n  

Figure 4 s h o w s  t h e  location o f  t h s a e  t a i l s  r e l a t i v e  t o  c m , * -  U L & C  

The  mo?el. W ~ S  powered wi3h a 100-hor sepowsr  motor d ~ i v i n g  
a fous-b-lade s i n g l e - r o t z t  ing proTel f i . a r ,  h 1 3 .  t s s t o  were r 7 . m  

wi th  t h e  p r o p e i l e r  s e t  a t  E?, @ l c d s  a n g l s  o f  21.C:” at t h e  0 . ~ 5 2 ,  
The e x p e r i i i i o n t a l i y  d o t c r m i n e d  T, a g a i n s t  V / z D  relrric ion-  
s h i p  f o r  t h i s  s e t t i n g  i s  shown i n  f i g u r e  6 ,  The v z l r i a t i o n  o f  
R ( p r o p e l l e r  cormal-force factor) w i t h  8/23 as  compute6 
f ron!  tho e x p e r i n e n t a l l y  c ie tcrmined C, a g L i n s t  V/ED chzr -  
a c t e r i s t i c s  of  t h n  moda l  p r o p e l l e r  at; a 21,30 b l a d e  s e t t i n g  i r  
shown on fis?:re 7 ,  Tht: cssuned  fu?+1--aczle Fc a g a i n s t  C z  
r o l a t i o n s h i p s  $02 920, 21CC;, and 245C’ h o r s e p o w e r  (;:ad a w i - r . - -  -7 

loading cf 39,2 i b / f t z )  t 3 r B  shown. ST* f i g u r e  8 ,  



P i t c h i n g  Hornant, %Laps U p  

F r o n  f n e : p e c t i o n  of th(3se fig;Uri?s + , h ~  b . 3 n c f i c i a l .  e f f e c t  
o f  t i l t  O f  t h e  p r o p c i l e r  a x i s  i s  a v l d a n 3 ,  The c h a r a c t e r i s t i c  
d e s t c f , b i l i z i n g  c f f e c t  o f  power i s  p y e e e n t  v i t h  t h e  -0 .80 t i l t ,  
w h i l o  w i % k  t h e  -5,EiO t i l t  i t  i s  e i t k s r  c o n s i d o r a b l y  d e c r a a e s d  
o r  e n t i r e l y  e l i m i n a t e d ,  itepend-ent a n  t b c  l o a d  c z r r i s d  by t h S  
t a i l  ( a s  d.etcrmi:ied by t h c  c l e v a t a r  d e f l e c t i o n ) ,  I t  w i l l  -be 
observccl f r o m  f i g u r e  12(a) t h a t ,  a t  cz C I J  of 0.8 ,  t h e  ap-2 l ic -  
a:ion of 2100 ! l ~ r s ~ p ~ v ? e r  c a u ~ c ! s  a f o r w a r d  s h t f t  i n  n e v l t r a l  
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p o i n t  o f  0 , l O  mean aerodynamdo @bond u 9 t h  t h e  -0,8" t i l t  iz. 
c o n t r a s t  t o  0,OF EeaiI aerodynamic  c h o r d  s h i f t  w i t h  t h e  -5.5' 
t i l t ,  Thus, t h e  b e n e f i c i a l  e f f e c t  o f  t h e  t i l t  i s  e q u i v , a l c n t  
t o  a s h i f t  i n  t h e  n e u t r a l  p o i n t  o f  0.05 mea,n aerndvnamic  chord  
compared t o  t h e  p o s s i b l e  0,06 mean aerodynamic  c h o r d  s h i f t  
d . i s cussed  i n  t h e  I n t r o d u c t i o n ,  A more  e x t e n d e d  compar ison  c f  
e x p e r i m e n t a l  and  computed r e s u l t s  i s  g iven  i n  t h e  s e c t i o n  
A p p l i c a t i o c  t o  Other  Des igns .  A s  i n d i c a t e d  t h e r e i n  t h e  co r -  
s e spondenco  between the coEputed  and c x p e r i m e n t a l  r e s u l t s  
v a r i e s  soriicwhat, d e p e n d a n t  on t ire power and CL. However, 
i n  g e n e r a i ,  t h e  c o r r e s p o n d e n c e  t e n d s  t o  b e  b e s t  a t  t h e  
h i g h e r  pow~: r s  where t h e  e f f e c t s  a r e  g r e a t e s t ,  

E'ron t h e  d a t a  $resented in f i g u r e  13 ( f o r  t a i l  o f f )  arAd 
f i g u r e  1 4  ( t a i l  i n  t h e  r a i s e d  p o s i t i o n ) ,  i t  i s  p o s s i b l e  t o  
d e t e r m i n e  t,hc a x t e n t  L o  which  t h e s e  e f f e c t s  a r e  due t o  t n o  
d i r e c t  T r o p e l l e r  f o r c e s  and. t h g  i n f l u e n c e  o f  t h o  t a i l  h e i g h t  
on t h e  tail e f f e c t s ,  The l n c r c m e n t d l  e f f e c t s  of' t h e  t i l t  of  
t h e  p r o p c l l e r  have  beer, dotermir ied f r o n  t h e  d a t a  o f  figurci. 
9 13 and 14 ,  and a r c  prescnteb i n  f i g u r e  15 i n  t h e  fOrin O f  
A ( A C m j  a s a i n s t  CL. I t  w i l l  be  obsc rved  t h a t  t h e  d i r e c t  
e f f e c t s  of t h e  p r o p e l l e r  t e n d  tc: p r e d o m i n z t e  o v e r ' t h o  t a i l  
e f f e c t s ,  The i n c r e a s e  i n  t a i l  h e i g h t  c a u s e s  a d c c r a a s a  i n  
t h e  b e n e f i c i a l  e f f e c t  o f  t h e  t i l t ,  m a i n l y ,  becuuso  w i t h  t h e  
h i g h e r  t a i l  p o s i t i o n  t h e  o v e r - a l l  d e s t a b i l i z i n g  e f f e c t s  o f  
p o w e r  a r e  somewhat l e s s ;  t h e r e f o r e ,  t h e r e  i s  l e s s  t o  be ga ined  
by a changc,  A more d e t a l l e d  tzrralysis of  t h i s  i s  g i v e n  i n  t h 2  
s e c t i o n  k p p l i c c t i o n  t o  Other  Des igna  a l o n g  w i t h  ;I conpnriscn 
o f  t h e  z x p c r i m c n t a l  a n d  c o a p u t e d  r e s u l t s ,  It i s  shown t h e r e  
t h a t  t h e  n c r m a l  t a i ;  i s  i n  such  c?. p o s i t i o r i  as  t o  s u f f e r  t h e  
g r a a t e s t  e f f e c t s  o f  power;  t h e r e f o r e ,  t h e  e f f e c t  o f  t h e  t i l t  
O n  t h e  t ? i l  p i t ch i : i g  monent shown 011 f i g u r e  15  i s  p r o b a b l y  
t h e  maxian::. which w i l l  ba  measured f o r  any t a i l  h e i g h t ,  

P i t c h i n g  Moment, F l a p s  D e f l e c t e d  38' 

The  e f f e c t  of p r o p e l l e r  o p e r a t i o n  on t h o  p i t c h i n g  m ~ n o l ; t  
cf  t h e  i>ode l  w i t h  f l a p s  d e f l e c t e d  i s  shown i n  f i g u r e s  16  t o  20 ,  
The l o c a t i o n  o f  t h e  n e u t r a l  p o i n t  st v a r i o u s  l i f t  c o e f f i c i e n t s  
as d e t e r n i z e d  f r o a  dCm/dCL w i t h  e l e v a t o r  d e f l c c c e d  f o r  t r i n  
i s  Ghown i n  f i g u r e  21, 

The t r e n d  o f  t h e  r e s u l t s  i s  t h e  s a n e  as t h a t  o b s e r v e d  
w i t h  flaps up, I n  tl t y p i c a l  apFroach  c o n d i t i o n  ( 9 2 0  hp a t  
a CL o f  2.0) a f a v o r a b l e  n e u t r a l  p o i n t  s h i f t  due t o  t h e  t i l t  
of as  much as 0,035 ri)Gci,n nerodynarqic chord  i s  r e a l i z e d ,  With 
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2100 horsepower  t h e  s h i f t  i s  0.09 mean aerodynamic  chord- a t  
thj .5 CL, Y'igure 22 S!.IOWS that the m a j o r  p o r t f o n  of t h e  
i n c r e a s e  i;z s t a b i l i t y  came f r o m  t n e  d i r e c t  p r o p e l l e r  f o r c e s .  
The A ( A C , )  w i t h  t a i l  o f f  i r ,  v e r y  n e a r l y  e q u a l  t o  t h a t  t.ri.tEi 
t a i l  011 't;.p t o  a CL of 1,6, A S  will 'be shown l a t e r  t h i s  is 
due t o  t h e  f a c t  t h d t  t 3 e  s l ips t reampa.ssss  u n d e r  t h e  t a i l ,  ;..i,nd 
t h u s  t % e r e  i s  very l i t t l e  d i  f e r e n c e  i n  t h e  change  i n  pj-tcil- 
i n g  moxent y e c u l t i p g  f r c g -  t h e  t i l t  f o r  t h e  t w o  t a i l  h e i g h t s ,  

Effect on E inge  MoL;ont and L i f t  

n &l-e : . i r a tOr  h i n g e  mouerAt f o r  f l a p s  up a n d  flc?ps d c f l c c t e d  
35' i s  p r e s a n t c d  i n  f i g i w 8 ~  23 and 24, Thero  i s  l i t t l a  o r  
n o  change  d u e  t o  t i l t i n g  t h e  t h r u s t  l i n e ,  T n i s  might  b e  ex- 
p c c t e d  s i ~ c z  dCh,/dit  a s  s n a l l  f o r  t h e  m o d e l  t e s t e d .  and 

t h e  average v e l o c i t y  o v c r  t h c  t a i l  i s  n o t  changed  t ,o  a vljry 
l a r g e  e x t e n t  due  t o  t ilt; ,  

Thc: zaximum l i f t  c o a f f i c i e n t ,  t a i l  o f f ,  wns d e c r e i s o d  
0.06 f o r  f l n p s  retracted c,n? 0 . 0 ~  f o r  f l a p s  d e f l o c t e d  w i t h  
2lOC hor:;epower ( f i g ,  25). She d e c r e a s a  i n  l i f t  i s  2 i r e c t l g  
t r ~ c e a i t l - e  t o  t h e  cirange i rA t h e  v e i l t i c a l  component or" t h t ,  
t h r u s t  wid-  n o i - ~ ~ a l  f o r c s ,  The low-ycwer ffiaxinum l i f t ,  which 
w i l l  b e  mcre f r e q u e n t l y  u s e d ,  i s  d o c r e a s e d  abou t  0.04, prob- 
a b l y  a n e g l i g i b l e  asuount, 

El f fec t  on t h e  L o n g i t u d - i n z l  Eni idl ing Q u a l i t i e s  

Thc l o n g i t u d i n n l  h a n d l i n g  q u a l i t i e s  veri? p r e d i c t e d  f o r  
f l a p s . u $  (fige.26) a n d  flaps d e f l e c t e d  (fig. 27)  frc;m thi? 
d Z t 8  p r e v i o u s l y  p r c s e n t o d  f o r  t h e  v a r i o u s  power  c o n d j t i o n s  
t 0 s t e d ,  

,F.&2w)r r .e t rac tc3 . -  TF-e s t i c k  f a r c e  a g a i n s t  v e l o c i t y  cu.SvGs 
wex-e co :~pu~~ie iE  f o r  t r i m  at CL = 0.6 which c o r r e s p o n d s  t o  a 
v e l o c i t y  o f  1 6 0  m i l e s  p e r  h o u r v  n n n r m a l  c l i m b  spacd,  F i g u r e  
26(a) s h o w s  t h s t ,  w i t h  -0.8' t i l t ,  t h e r e  i s  m;.trgi;.;sl stick- 
f r e e  s t a b i l i t y  w i t h  2100 korsepower ,  w h i l e  w i t h  3450 horse-  
power marked i n s t a b i l i t y  e x i s t s ,  I n  c o n t r z s t  t o  t k i s ,  w i t h  
- 5 . 5 O  t i i t  ( f i g .  2 6 ( b ) ) ,  c o n s ! d c r a b l e  s t a b i l i t y  e x i s t s  f o r  
t h c  2103-1;Grsegower c o n d i t i o n s ,  a n d  t h e  a i r p l a n e  becomes o n l y  
m a r g i n a l l y  s t a b l e  w i t h  3450 horsepower ,  T t  i s  obv ious  f r o l r .  
t h e  p r e v i o u s  d i s c u s s i o n  t h a t ,  s i n c e  t n e  t i l t  of t h e  p r o p e l i e r  
a x i s  d o e s  n o t  a f f e c t  t h e  . e l e v a t o r  h i n g e  moments, a l l  t h e  chaggc  
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i n  t h e  s t i c k - f r e e  c h a r a c t e r i s t i c s  i s  due t o  t h e  i n c r e a s e  
i n  t h e  s l o p e  of  The i n c r e a s e d  v a r i a t i o n  of  

R e  w i t h  V i  r e s u l t i n g  t h e r e f r o m  ( f i g .  26)  c a u s e s  t h e  more 
s t a b l e  v a r i a t i o n  o f  s t i c k  f a r c e  w i t h  V i .  

C, a g a i n s t  CL. 

l i s  was p o i n t e d  oiat i n  t h e  I n t r o d u c t i o n ,  t h e  ma in tenance  
of s t a b i l i t y  i n  t h e  high-power low-speed c o n d i t i o n  n e c e s s i -  
t a t e s  t h a t  a h i g h  d e g r e e  of s t a b i l i t y  be p r e s e n t  unde r  con- 
d i t i o n s  whore t h e  power e f f e c t s  a r e  s n a l l  ( e . g , ,  h i g h  s p e e d ) ,  
This c o n d i t i o n  i s  e v i d e n t  i n  f i g u r e  2 E ( a )  where ,  i n  o r d e r  t o  
o b t a i n  j u s t  m a r g i n a l  s t a b i l i t y  w i t h  2100 hor sepower ,  t h e  b a s i c  
s t a b i l i t y  must b e  s o  h i g h  t h a t  a n  e x c e s s i v e  s t i c k  f o r c e  p e r  g 
( 3 0  l b )  i s  p r e s e n t  i n  high-spesd maneuvers ,  If a d v a n t a g e  i s  
t a k e n  o f  t h e  d e c r e a s e d  e f f e c t  o f  power made p o s s i b l e  by t h e  
t i l t e d  p r o p e l l e r ,  t h e  b a s i c  s t a b i l i t y  can  be c o n s i d e r a b l y  
d e c r e a s e d  w i t h  a c o n s e q u e n t  r e d u c t i o n  of t h e  s t i c k  f o r c e  p e r  
g ,  The d e c r e a s e  i n  s t a b i l i t y  i i o r m a l l y  would b3 s e c u r e d  by a 
d e c r o a s e d  t a i l  s i z e ,  s o  t h a t  n o t  o n l y  would a r e d u c t i G n  i n  
s t i c k  f o r c e  r e s u l t  f r o m  1 d e c r e a s e &  dC,/dGL b u t  alsc f r o m  
t h e  d e c r e c s e d  area of  t h c  e l e v a t o r ,  The p r e c i s e  e v a l u a t i o n  
of s u c h  3 s a v i n g  couLd o n l y  b e  made by t e s t i n g  a r e d u c e d  s i z e  
t a i l ,  However, a r e s u l t  (wh ich  w i l l  3 e  on  t h e  c o n s e r v a t i v e  
s i d e )  call % e  o b t a i n e d  froii ;  t h e  d a t a  a v a i l a b l e  i f  t h e  d e c r e a s e  
i n  dCm/dCL i s  assubed t o  come from a r e a r w a r d  movement o f  
t h e  c e n t e r  o f  g r a v i t y ,  ( T h e  a d v a n t a g e  g a i n e d  from -i.educed 
e l e v a t o r  area i s  n o t  i n c l u d e d  i n  t h i s  p r o c e d u r e , )  The char-  
a c t e r i s t i c s  f o r  a 0.30 mean aerodynamic  chord  ccnter -of -  
g r a Y i t y  p o s i t i o n  w i t h  --5,F.' t i l t  o f  t h e  p r o p e l l e r  a r e  shown 
on  figure 2 6 ( c ) ,  I t  will be n o t e d  t h a t  t h e  s t i c k  f o r c e  
a g a i n s t  v e l o c i t y  c h a r a c t o r i s t i c s  remain  more  s t a b l e  t h a n  f o r  
the, -0.8 t i l t  and  0,25 mean asrodynnmic  c h o r d  c e n t e r - o f - g r a v i t y  
p o s i t i o n ;  and ,  i n  a d d i t i o n ,  a r e d u c t i o n  o f  10 pounds p e r  g i s  
r e a l t z e d  i n  t h e  s t i c k  f o r c e  i n  masleilvors. 

E'laes --e d e f l e c t e d  ------ ~ .--- * - The s t i c k  f a r c e  a g a i n s t  v e l o c i t y  w a s  
computed f c r  a t y p i c a l  a p p r o a c h  c o n d i t i o n  w i t h  t h e  e l e v a t o r  
assumed trimmed f o r  a C L =  1,O a n d  a v e l o c i t y  o f  124 m i l e s  
p e r  hour ,  I n  t h i s  a t t i t u z e  i f  t h e r e  i s  n b s l k e d  l a n d i n g  re- 
q u i r i n s  t h e  a p p l i c a t i o n  of  power  o r  i f  power rqust be a p p l i e d  
t o  m a i n t a i n  a g i v e n  s i n k i n g  s p e e d ,  t h e  a i r p l a n e  w i l l  become 
m a r g i n a l l y  s t a b l e  w i t h  920  horse2ower  a t  1 2 0  m i l e s  p e r  hour  
and will be u n s t a b l e  t h r o u g h o u t  t h e  specd r a n g e  w i t h  2100 
horsegower  ( f i g ,  2 7 ( a ) ) ,  ID c o n t r a s t ,  t i l t i n g  t h e  p r o p e l l e r  
g i v e s  S a t i s f 2 C t Q r y  s t a b i l i t y  f o r  9 2 0  horsepower  an& m a r g i n a l  
s t a b i l i t y  a t  a b o u t  9 0  m i l e s  p e r  hour  w i t h  2100 horsepower  
( f i g .  2 7 ( b ) ) ,  



' P?A.CA BCB no, 4E29 

APPLICA.TION T O  OTHER DLSIGTS 

B 

I t  i s  t h e  p u r p o s e  of  t h i s  s e c t i o n  t o  show t h e  c o w  
p a r i s o n  bc-tween e x p e r i m e n t a l  r e s u l t s  and t h o s e  which would 
be p r e d i c t e d  f ronr  a v a i l a b l e  t h e o r y ,  The d e m o n s t r a t i o n  O f  
t h e  computn t ion  o f  t f ie  r e s u l t s  f r o m  t h i s  t h e o r y  S ~ T V O S  t o  
i l l u s t r n t e  t h e  methoas by which t h e  e f f e c t  o f  t i l t i n g  t h e  
p r o p e l l e r  can  be e s t i m a t e s  f o r  o t h e r  i res igua ,  

The c o c p u t a t i o n  methocis f o l l o w  i n  g e n e r a l  $ h o s e  Gut- 
l i n e d  i n  r c f e r e n c e  I ,  w i t h  so:i?e r n o d i l i c a t i o n  i n  d e t a i l ,  
These c o a p u t a t i o n s  n:- , tur,zlly d iv i c i s  t h e m s e l v e s  i n t o  ,two 
p a r t s :  one  d e a l i n g  w i t h  t h e  o f f e c t s  due t o  t h e  d i r e c t  p r o -  
p e l l e r  foTcGs, t h e  o the r  d e a l i n g  w i t h  t h e  e f f e c t s  r e s u l t i n g  
from t;hc c i lznges i n  t h e  s l i p s t r e a E  i n s o f a r  as  f t  i n f l u e n c e s  
t h e  c o n t r i b u t i o n  of p i t c h i n g  inaaent  by t h e  t a i l ,  

Z f f e c t s  o f  D i r e c t  P r o p e l l e r  FGrces  

F o l l o w i n g  c o n v c n t i o n a l  p r a c t i c e ,  t h e  p r o p p l i e r  f o r c e s  
c a 2  be  b r o k c n  down i n t o  t h ~  compoaan t  a . c t l n g  a l o n g  s h e  
t h r u s t  ax i s  and  t h e  compoi-ier,t T o r m a 1  t o  t h e  t h r u s t  a x i s ,  
F r o a  r e f c r c n c e  t 0  f i g u r e  1, i t  i s  e v i d e n t  t h a t  t h e  moment 
a b o u t  t h e  c e n t e r  o f  g r a v i t y  produced  by t h e s e  f o r c e s  w i l l  
be as  f o l l o t z r s :  

S u b s t i t u t i n g  f o r  T and N tkie r e l a t i o n s  

i ~ p =  CX P pr , ' ~ *  =: K s i n  Q p n " ~ *  ( s e e  n o t e , )  ( 9 )  

1----- -- ------- -..---".-..-.------- - 
N o t e :  The c x p r e s s i o n  f o r  t h e  no rnn l - fo rce  con:por,ent is de- 
r i v e d  by tbs n e t h o d  c f  Giauez' t  as d e s c r i b e d  i n  r o f o r c n c c  2 
( p p .  351-757) end as a ? p l i e d  i n  r e f s r e n c e  1. Ar, a l t e r n a t c  
method 7,rki.ch ccuLd b e  x ~ s e d  w i t h  e q u a l l y  s a t i s f a c t o r y  r e s u l t s  
i s  t h e  n o r e  r e c e n t  d e v a l o p n e n t  o f  X i b n e r  ( o c . ; t i z u s d  G E  -3, LO) 
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g i v e s  t h e  f o l l o w l n g :  

EEff e c t  due  E f f e c t  du.e 
t o  t h r u s t  T O  normal  

f c r c e  

For t h e  pu rpose  o f  d e t e r m i n l n g  t h o  e f f e c t  o f  p r o p e l l e r  

av.e t o  t h e  t i l t  o f  t h e  

h(CCmprop)), i s  t o  b e  

t i l t ,  t h e  a’osolute  imgn i - tude  o f  L \ C m p r o p  is n o t  of i n t e r e s t ,  
B a t h e r ,  t h e  d i f f e r e n c e  i n  AC,?rop,  

p r o p e l l e r  ( r e f e r r a d .  t o  h e r c a f t e r  a s  

e v a l u a t e d .  T h i s  e l i m i n a t e s  any large d i s c r e r a n c y  i n  t h e  
a b s o l u t e  magn i tude  o f  A C ) I I ~ ~ . ~ ~  which  might e x i s t .  Thus t h e  
e f f e c t  o f  t h e  t i l t  o f  t h e  p r o p e l l e r  i n  t h e  c a s e  n t  hand w i l l  
b e  as f p l l o w s :  

By u s e  o f  t h e  above e q u a t i o n  and t h e  d a t a  o f  f i g u r e s  6 ,  7 ,  
8 ,  and 28,  t h e  e f f e c t  o f  t h a  d i r e c t  p r o p e l l e r  f o r c e s  was 
c o m p u t e d - f o r  t h e  severa l .  power c o n d i t i o n s ,  f l a p s  up and f l a p s  
down. ( T a b l e  f shows a s a m p l e  c o r r p u t a t i o n  f o r  t h e  21OO-l?p, 

(Con t inued  f rom p .  9 )  ( r e f e r e n c e s  3, 4, and 5 ) .  S s v e r a i  trials 
have  shown t h a t  th‘e r e s u l t s  o b t a i n e d  ’by e i t h e r  o f  t h e  mcthot?s 
d e v i a t e  a b o u t  e q u a l  amounts  f r o m  e x p e r i m e n t a l  r e s u l t s ,  F r o v i d e d  
t h e  E used. i n  G l a u e r t ’ s  method I s  d e r i v e d  f r o ,  a C p  a g a i n s t  

V / n D  c u r v e  o f  t h e  a c t n a l  p r o p e l l e r  used”. If s u c h  d a t a  a r e  
not  a v a i l a b l e ,  t h e  m o d i f i c a t i o n  o f  t h e  K o f  a known p r o p e l l e r  
by Rfbnsrts l l s ide - - fo rce  f a c t o r “  ( r e f e r e n c e  5 )  t o  t a k e  c a r e  of  
b l a d e - s h a p e  - d i f f e r e n c e s  g i v e s  s a t f s f n c t o r g  r e s u l t s .  



flrps--:n? c o i i d i t  i o n  rind s e r v r 3 s  as a n  j l l a s t r a t  i v e  oxample o f  
t h o  n;athod,)  The  results and t h e  c o r r e c p o n d i n g  e x p e r i m e n t a l  
dn,.tz 3 'oLataec l  froin t h e  t a i l - -o f f  r ~ n s  a r e  shown o n  figures 29 
and 30 .  

T!ie c o q ~ t . r i ^ u o n ,  both. w i t h  f l a p s  up and f l a p s  down, i s  
s o o d  v h e n  c c ~ . s i d a r e d  or! t h e  b a s i s  o f  

wor thy  o f  n o t e  ti1P.t t h e  v e r t i c a l  f o r c e  c o n t r ?  b u t i o n  t o  
A (  *Cmprop ) 

and  c 3 n t r i b u t e s  v e r y  l i t t l e  cha.n;e i n  s l o p e ,  T h i s  suggests 
a c o n s i z e r n b l e  s i m p l i f i c a t t o n  of  t h e  c o h p u t a t i o n  by conkidcr -  

s i n c e  n ~ ~ x i ~ u l l , ~  3 n l j r  t h e  change i n  s l o p e  i s  o f  s i p i f i c n n c e ,  
t h e  v e r t i c c l  s h i f t  o f  t h e  c u r v e s  b e i n g  u n i m p o r t a n t ,  12 t h i s  
is d o n ?  Z:L& e q u a t i o n  ( 6 )  i a  d i f f e r e n t i n t e d ,  c o n s i d e r i n g  t h e  
ssco:id t e r ~  a c o ~ g t a n t ,  t h e  f o l l o w i n g  s e l a t i c n s h i p  r e s u l t s :  

*I *caps  op ). I t  i s  

c o n s i s t s  almcst e r , t i r e l y  of  a s h i f t  i n  t h e  ct l rv? 

i n g  o~11.y t b o  T~ t e r m  i n  t h e  abo.re  e x p i - e s s i o n  f o r  A ( A c ~ ~ ~ ~ ~  L 

E f f e c t  on t h e  Tail P i t c b i n g  Noment 

i:i accordance w i t h  t a o  p r o c e d u r e  c f  r e f e r e n c e  1 (and 
w i t h  t % e  Z i r - p l i f T i n g  essurnpt ion  t h a t  q + q o  a t  t h e  t a i l  w i t h  
r c w e r  o f f  i s  e q u a l  t c  i ) ,  t h e  e f f e c t  of s l i p s t r e a r i l  o n  t h e  
tail -gi-t;ching m n i d e n t  c an  be b r o k e n  down i n t o  t h e  following 
c oixponent s : I 

E f f e c t  c?ue . E f f e c t  due t o  E f f e c t  due 
t o  change  coinbin.ed - c h a n g e  ~ t o  chanzed 

i z  t h e  slip- q i n  - t he  slip--- slipstrean 
s t r e a m  s t r e a u  

- o f -  downwash - i n  downwash a n d  a_ i n  t h e  
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I t  i s  t o  be a n t i c i p a t e d  t h a t  t i l t i n g  t h e  p r o p e l l e r  a x i s  
w i l l  a f f e c t  t h e  f i r s t  and second t e r m s  by v i r t u e  of t h e  
d i f f e r e n c e  i n  downwash i n c r e m e n t  due  t o  power,  Th3.s dif-, 
f e r e n c e  w i l l  a r i s e  f rom t h e  f a c t  t h a t  t h e  v e r t i c a l  corn- 
ponon t  of t h e  t h r u s t  i s  d e c r e a s e d ,  s o  t h a t  f rom momentum 
c o n s i d e r a t i o n s  t n e  downwash induced. by t h e  p r o p e l l e r  w i l l  
be d e c r e a s z d ,  T h i s  w i l l  be a s ' t a ' b i l i z i n g  e f f e c t ,  I n  addi-  
t i o n ,  t h e  changed  downwash w i l l  r e s u l t  i n  a d i f f e r e n t  j u x t a -  
p o s i t i o n  between t h e  s l i p s t r e a m  and t h e  t a i l ,  s o  t h a t  8 
d i f f e r c n t  erca o f  t h e  t a i l  w i l l  be immersed, A s  a r e s u l t  
( A q / q o ) c f f  w i l l  be changed ,  and t h e  second and t h i r d  t e r m s  
o f  t h e  n r e c c d i n g  e q u a t i o n  w i l l  be a f f e c t e d ,  T h i s  i n f u e n c e  
w i l l  b s  s t z b i l i z i n g  o r  d e s t n b i l i z i n g ,  d e p e n d e n t  on t h a  l o a d  
o n  t h e  t a i l  end. t h e  o r i g i n a l  l o c a t i o n  o f  t h e  t a i l  i n  t h e  
sl i p s  t r S a m ,  

AS  was t h e  c a s e  i n  c o n s i d e r i n g  t h e  d . i r c c t  p r o p e l l e r  
f o r c e s ,  t h e  a b s o l u t e  magn i tude  of 

e s t  f o r  t h i z  z n a l y s i s ,  m e r e l y  t h e  d i f f e r e n c e  i n  t h i s  q u a n t i t y  
c a u s e d  b r  t i l t i n g  t h e  p r o p e l l e r  ( r e f e r r e d  t o  h e r e a f t e r  as 
A(ACmtail)), However, t h i s  d i f f e r e n c e  c a n n o t  be d i r e c t l y  

e v a l u a t e d  as i t  was f o r  t h e  d i r e c t  p r o p e l l e r  f o r c e s ,  b u t  
f o r  each  must be d e t e r m i n e d  by f i r s t  comput ing  

t i l t  o f  t h e  p r o p e l l e r  and t h e n  g e t t i n g  t h e  d i f f e r e n c e ,  The 
s t e p s  i n v o l v e d  i n  comput ing  

is n o t  of i n t e r -  "mt :ti 1 

a i  3. 

a r e  a s  f o l l o w s :  *'mt a i l  

I, Dete rmine  t h e  change  i n  downwash b e h i n d  t h e  
p r o p e l l e r ,  

Note:  I t  shou ld  be n o t e d  t h a t  d C m / d i t  i s  t h e  power-off 
v a l u e  ineasured a t  an a n g l e  o f  a t t a c k  whore t h e  t a i l  i s  f r e a  
of  wake e f f e c t s ,  T h i s  i s  n o r m a l l y  t h e  h i g h a s t  dC,/dit 
measu r sd  t h r o u g h o u t  t h e  angle-of-at  t a c k  r a n g e ,  I n  c o n t r a s t  

power o f f ,  t h a t  i s ,  t h e  d i f f e r e n c e  'Detween t h e  t a i l - o n  and 
t a i l - o f f  p i t c h i n g  moment a t  e a c h  a n g l e  of a t t s c k ,  

Norsal d e v i a t i o n s  from t h e  a s s u m p t i o n  o f  f r e e - s t r e a m  
dyn.amic p r e s s u r e  a t  t h e  t a i l  w i t h  power o f f  w i l l  n o t  c a u s e  
s i g n i f i c a n t  d i f f e r e n c e s  i n  A C m t a i l  as d e t e r m i n e d  f r o m  cquz- 
t i o n  (7). If a n  a b n o r m a l l y  l a r g e ' d e c r e a s e  i n  dynemic prsssure 
e x i s t s ,  t h e  f a c t o r  (q /qo )po ,e r  o f f  s h o u l d  be i n s e r t e d  i n  t h e  
f i r s t  t e rm of e q u a t i o n  ( 7 )  and ( q O / q ) p o w e r  o f f  i n  t h e  l a s t  t e rm,  

i s  t h e  a c t u a l  pitching-moment c o n t r i b u t i o n  of t h e  t a i l ,  C m t o  



2, Ee tc rmine  t h e  l c c a t i o n  of t h e  t a i l  i n  t h e  s l i p  
s t r e a n  2nd t h e  p o + t i o n  of  t h e  tail a r e a  immersed, 

3. Determine  t h 3  e f f e c t i v e  va lues  o f  A c p  and 
O q / q o  

t i l t s  o f  t h e  p r o p e l l e r  u n d e r  c o n s i d e r a t i o n ,  The d l f f e r -  
e n c e  i n  A C ,  computed t h e r e b y  w i l l  b e  t h e  s f f e c t  02 

t i l t  o f  t b t  propsller, 

f o r  s u b s t i t u t i o n  i n  e q u a t i o n  ( 7 ) .  

Thi: f o r z g c i n g  p r o c e d u r e  ~ u s t  be r e p e a t e d  f o r  t h a  t w r i ;  

t a i l  

The ch:?nge ic doimwss:? i s  computed by t h e  method of 
G l n u e r t  ( p p ,  357 t o  359, r e f e r e n c e  2 )  w i t h  a n  added t e r m  
t o  t a k e  c a ~ e  o f  t h e  f a c t  t h s t  8 d Q e s  n o t  e q u a l  a~ 
(fig, 31) : y w s  ii  c ices i x i  G l a u s x ' t t a  c r i g i r i a l  cnalysis, ( S e a  
:xppendtxss i3 s n d  C.) T h i i s ,  

22k (1 - a) 
K, = - 

(1 3. 2a) [l -I- a (I + k ) ]  

wherc K iz t h e  f u n c t i c a  of V/nD ar,d b l a d e  a n g l e  f o r  an 
i r i c l i n e d  i _ ; r o p e l l a r  used p r s v i o u s l y  for d e t e r m i n i n g  the  n o r i ! ~ ~ l  
f o r c e  %tcti:--g on t h e  y r o p e l l e r ,  a n d  i s  d e f i n e d  a s  

Thi: variation o f  Kl a n d  K, w 
i s  shGvn on f i g u r e  32, 

2 
t h  ,TC and K,/(V/n?3) 

With th;e v?.lue of A e ,  d e t e r m i n e d ,  t h e  l o c a t i o r ,  3f 
t h e  s l i p s t r e a n  and t h e  a r e a  o f  t h e  t z i l  inmersed  t h e r e i n  
can be d e t e r m i ~ e d  e i t h e r  graphically o r  a n a l y t i c a l l y  fror i !  
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t h e  g e o n e t r i c a . 1  c o n s i d e r a t i o q n  outZbma4 ln f i g u r e  33." 

I n  a c c o r d a n c e  w i t h  Smelt  a n d  n a v i e s  ( r e f e r e n c e  E )  t h e  
e f f e c t i v e  v a l n e s  o f  ACp and Aq/q,  a r e  as  follows: 

(13) 

r---- 
/I +- ;; ?Ic ( 14) 8 s = -1 + 

v 

and X i s  arl. e m p t r i c a l  f c i c t o r  which  f o r  u s u a l  r e l a t i o n s  Of 
s l i p s t r c a ~ ~  2nd immerse6 t a i l  w i l l  b e  1. 
__--__--I --__ ---- ------------------I- 

* T h i s  ~ 3 r o c e d u n e  i s  b e s e d  on t h e  a s s u m p t i o n s  o u t l i n o d  i-i 
r e f e r e n t i :  1, t h z t  t h e  s l i ~ s t r e ~ m  rema ins  s u b s t a n t i s l l y  cy].- 
i n d r i c a l ,  I ) o s p i t e  t h e  d i s t o r t i o n  o f  t h e  s l i p s t r e a m  which  i s  
known t o  e x i s t ,  t h e  a i r p l a n e s  o f  r e f e r e n c e  1, and a t  l e a s t  
f i v e  o t h e r  a i r p l a n e s  t o  wh ich  t h e  m e t h o d  has been  C F p l i Z d . ,  s::ow 
t h a t  t h o  zver?:ge A c p  and  t h s  A q / q o  i n  t h a  s l i p s t r c a i I 1  con- 

putec? f rur '  such  a s s u m p t i o n s  correspcind q u i t e  well w i t h  ~ x p c r i -  
men tc l  o b s e r v a t i o n s ,  I t  i s  t r u e  t h a t  t h e r e  i s  a f u r t h e r  ckange  
i n  dcwnirash induced  by t h e  p r o p e l l e r  i n  t h e  f l o w  o u t s i J e  t h e  
s l i p s t r e a m ,  T h i s  cha.nge a r i s e s  f rom t h e  chai1p;ed v o r t e x  syster;  
o f  t h e  x i n g  i n  t h e  s l i p s t r e a z  f l o u ,  ( S e e  Koning,  y. 411 ,  r c f c r -  
e n c e  2 , )  If a b s o l u t e  m a g n i t a d e s  of' A C m t a i l  were o f  i i i t o r e s t  
t h i s  downwash would  have t o  be e v a l u a t e d ,  H o w d v ~ r ,  s l n c a  o n l y  
t h e  t h e  I ? i f f i t r c n c e  i n  
i s  c o n c e r n e d ,  o n l y  t h e  d i f f e r c n c e  i n  A c P  d u e  t o  t h e  p r o p e l l e r  

need be evaluated, On t h e  a s sumpt ion  t h a t  t i l t i n g  t h e  proFc:Ller  
w i l l  n o t  o .pPrec iab ly  a f f e c t  t1:e wing v o r t e x  s y s t e m ,  t h e  d i f f e r -  
ence  due  t o  t i l t  of t h e  p r o p e l l e r  w i l l  c o n s i s t  e n t i r e l y  o f  t h a t  
a r i s i n g  3ro:n t h e  r a d u c e d  v e r t i c a l  componcnt o f  t h e  t h r u s t ,  
T h i s  q.ua.ntit$ i s  eva l ,ua t2$  by e q u a t i o q  ( a ) .  

due  t o  t i l t  o f  t h e  p r o p e l l e r  
A C n t n i l  
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S u b c t i t u t i o n  of t h e  a p p r o p r i a t e  v a l u e s  of A c p e f f ,  

a n d  !!! x Acp) i n  e q u a t i o n  (?') t h e n  r e s u l t s  0 

e f f  
c 

i n  A C a t Z L i l .  I t  s h o u l d  be  o b s e r v e d  t h a t  dC,/dit  and 
C2l t  are t h n  vai ; ies  e s t i m a t e d . ,  o r  d e t e r n i n e d  from power- 

0 
o f f  t C S t S ,  

The f o r e g o i a g  p r o c e d u r e  k e s  been c a r r i e d  o u t  f o r  f o u r  
t a i l  h e i g h t s ,  f o r  b o t h  p r o p e l l e r  t i l t s ,  a n d  t h e  -7adue o f  

f o r  t i22  f l a p s - u p ,  21OO-!.:p ccrnci i t ioas  i s  g i v e n  i n  t a b l e  11,) 

) t h e n  d e t e r m i n e d ,  (An i l l u s c r a t i v e  c o m ~ u t a t i o n  'C,t a i l  

Thc tni7 h e i g h t s  a re  0, 2.25 ( n o r m a l  t a i l  p o s i t i o n ) ,  
4.50 ( r r i isecl  t a i l  p o s i t i c n ) ,  cnd 6 , 7 F  f z e t  above  t h e  r e f e r -  
ence  l i n i .  w ~ i i c h  r,o*rers t h e  rniige l i k e l y  t o  be  f o u n d  i n  narrnzl. 
dssigns, I: t e r m s  o f  t h e  p r n p e l l c r  d i n e n s i o n s  t h e  h e i g h t s  
a r c  n p ~ r c x i ; i ! n t e l y  0 ,  Z / Z R ,  2 / 3 2 ,  n ; id  R above  t h e  refer- 
e a c c  lint;., The coinputed v e l u e s  o:f L(ACmtail ) ilre shown o n  
f i g u r c s  Zii- nnc?. 25. They f u r L i r h  a n  i d a a  of t h e  mstgnitude of 
t h e  e f f e c t s  of  t i l t  o f  t h e  p r o p e l l e r  o a  t h e  t a i l ,  and t h e  
r a t e  s t  which t h e s e  e f f e c t s  change  w i t h  t a i l  h e i g h t .  I t  w i l l  
b e  obse-ved t h a t ,  w i t h  f l a p s  up ,  t h e  normal  tail i s  i n  t h e  
p o s i t i o n  w h i c h  e x p e r i e n c e s  c l o s e  t o  t h e  maximiim e f f e c t ,  
axount;.iig t o  a, change i n  dC,/bCL O f  -0.022 at a C L  O f  

0.9 ( c o n p a r e d  t o  -0.046 o b t a i n e d  from t h e  d i r e c t  p r o p e l l e r  
f o r c e s ) ,  The h i g h e r  t a i l  pcai:tions a r e  f a r t h e r  Tram t h e  
c e n t e r  o f  t h c  s l i p s t r e a m  and, t h e r e f o r e ,  l e s s  a f f e c t e d  by 
it .  T o  ,yivc a p h y s i c a l  p i c t u r e  of t h i s  e f f e c t ,  and t o  
c l a r i f y  t h o  steps o f  t h e  c o m p u t a t i o r ,  f i g u r e s  36 and 37 
have  b e e n  p r e p a r e d  showing t h e  r e l a t i v e  l o c a t i o n  of t h e  t a i l  
and s l i ~ s t r e a i i : ,  t h e  t a i i  a r e a  immersed a n d  t h e  magn i tude  of  
t h e  A c p  and  Aq/q ,  e f f e c t ,  A s  shown OE f i g u r e  37 ,  w i t h  
f l a p s  dowii, t h e  s l i p s t r e a m  i s  below t h e  t a i l  f o r  t h e  major 
p a r t  o f  t h e  o p e r z t i n g  r m g e  and ,  t h e r e f o r e ,  A(ACmtnil ) i s  
z e r o ,  S c f c r e n c e  t o  t h e s e  t w o  f i g u r e s  will a i d  i n  f o l l o w i c g  
t h a  co inpn tn t i an  o u t l i n e  of t a b l e s  I and XI, 

The o x t e n t  t o  which t h e  axpari l i ,ent  conf i i - m s  t h e  coinputa- 
t i o n s  i s  shown 6 n  f i g u r e s  38 and 39, whcre t h e  summntion o f  
t h 3  comjiuted e f f e c t  o f  t h e  d i r e c t  p r c p e i l e r  f o r c e s  zind t h e  
t a i l  s f f c c t s  i s  compared w i t h  t h e  c x p e r i r z e n t a l  d e t e r r n i n a t i o i .  
F o r  t h c  f la?s-up c o n d i + , i o n ,  where a major p o r t i ~ n  o f  t h e  t a i l  
i s  Inimczsed i n  t h e  s l i p s t r e m i ,  thi :  c o m r u t a , t i o n s  t e n d  t r :  cvcr-  
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c s t i n r ? t o  t h e  e f f a c t  o f  t h e  t i l t  o f  t h e  p r o p e l l e r  on t h e  t a i l ,  
T h i s  i s  prcjbably due  t o  t h e  s l i p s t r e a x  b e i a g  d i s t o r t e d  r r t h c r  
t h a n  t h e  idieal . ized c y l i n d r i c a l  sha?e,  The f n c t  t h a t  some 
small e r " fcc t  i s  n e z s u r e d  f l a D s  down, when t h e  c o a y u t a t a t i o n s  
i n d i c a t e  t h e  t a i l  t o  be  j u s t  o u t  o f  t h o  s l i p s t r e a m ,  f i t s  i n  
w i t h  t h c  h y i > o t h e s i s ,  I t  i s  wor thy  of  n o t e  t h a t  t h e  t h e o r y  
i n d i c z t e s  t h e  Froj?er  t r e a d ;  that i s ,  t h e  r s d u c e d  e f f e c t  o f  
t i l t  3n t l ie  r a i s e 3  t a i l ,  which w a s  measured ( f i g ,  l F ) ,  i s  
p r e d i c t e c  ( f i g ,  34 ) .  

The mer-al l  Etccuracy o f  t h e  method can  b e  judge3  on 
t h e  b a s i s  o f  figures 3 5  and 39, At t h e  h i g h e r  powers  (where  
t h e  e f f c c t s  o f  e x 2 e r i m c n t a l  s c a t t e r  are l e s s  p ronounced)  thc.  
p red . ic t sd  i : i c r enen t  i n  A(Ac~.) tanc1.s t o  r u n  betweon 1.1 .a(? 
f , %  o f  t h a t  ~ ~ e a s u r e d .  3 %  i s  b c l i o v e d  t h e t  such  a check  5 s  
c1.ose encugh t o  j u s t i f y  u s e  o f  t h e  a e t h o d  ii ana?.yoes which  
arc? n s d e  i:; t h e  p r c l i n i n a r y  clesigr, s t a g e  a E A  w l l l  s e r v e  t c  
e s r r c lua t e  w i th  s u f f i c i e ? . i ;  a c c u r a c y  t h e  b e n e f i t s  t o  be  obta.i.ied 
f r o n  t i l t  o f  t h e  p r c p e l l c r ,  

Thc c x p s r i n e n t a l  r e s u l t s  are c o n s i d e r e d  t o  S ~ O W  q u i t e  
3 e f i n i t c l . ; ~  t h e  a d v a n t a g e s  t o  be g a i n e d  by a downward t i l t  of 
t h e  p r o p e l l e r ,  I t  i s  c l e a r l y  i n d i c a t e d  t h a t  3, 5 *  downward- 
t i l t  0-F' t h e  7 r o p e l l e r  will c a u s e  s. r e a r w a r d  s h i f t  o f  t h e  
n e u t r a l  i j c i a t  r s n g i c g  f r o r ;  0.05 t o  0.10 neaii aerodynamic  
chord  a t  n o r a a l  cli i- lb l i f t  c o e f f i c i e n t s  w i t h  power t y p i c a l  
or" moclern a i r p l a n e s ,  T h i s  shou ld  c o n s i d e r a b l y  e a s e  t h e  d i f -  
f f c u . l t y  of o b t a i n i n g  s t a b i l i t y  under t h e s e  high+power l o w -  
speed  z b n d i t i c n s ,  s o  t h a t  a r e d u c t i o n  i n  t h e  high-speed 
s t a b i l i t g ,  :c.hcre p o w e r  e f f e c t s  a r e  n e g l i g i b l e ,  would be per- 
m i s s i b l e ,  Advan5aG;e can  t h e n  be t a k e n  o f  t h i s  f a c t  i n  o r d e r  
t o  e a s e  t h e  e l e v a t o r  b a l o n c e  r e q u i r e m e n t s  for t h e  a t t n i n n e n t  
of l o w  s t i c k  f c r c c s  p e r  g o  

The g e n e r a l i z a t i o n  of t h e  r e s u l t s  is nade  p o s s i b i e  bg 
t h e  usi? cf t h e  c o n p u t a t i o n  p r o c e d u r e  o u t l i n e d ,  I t  is b e l i e v e d  
t h a t  t h e  check  botween t h e  over-312. e x p e r i n e n t a l  and p r e d i c t e c !  
r e s u l t s  i s  s u f f i c i e n t l y  c l o s e  t o  j u s t i f y  u s e  o f  t h e  ne thod  ir ,  
t h e  p r e l i n i n s r y  d e s i g n  s t a g e ,  

Aaes  A c r c n a u t i c a l  L a b o r a t o r y ,  
N a t i o ; i , z l  Adv i so ry  C ~ ~ - n n i t t e e  f o r  A e r o n a u t i c s ,  

M o f f e t t  F i e l d ,  C a l i f , ?  May 29 ,  1944, 
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T h e  f o l l o w i n $  s y n b o l s  are xscd i n a t h i s  r e p o r t ,  Whcre- 
c v e r  p o s s i b l e  s t a n d a r d  syxbols have bneri  u s e d ,  

CIf l i f t  c o c f f  i c i c n t  

clrag c o e f f i c i e n t  CD 
cr3 ;~ i t ch inE ; -concn t  c o e f f i c i e n t  

ACE c h z n g s  i n  p i tch ing-nozicn t  c o e f f i c i e n t  2-w t o  
s l i p s t r e a s  on t a i l  t C L i l  

; 7 i tc i i ing  c o n e n t  4 . u ~  t o  t a i l ,  w i t h  p7eTwzr G f f  
0 If power-off f o r c e  t e s t s  i ire a v a i l a b l e ,  t h i s  

C,,t  

c a n  b e  d e t c r n i a e d  f-,.oc, d i f f e r e n c e  be tween C, 
w i t h  t a i l  o n ,  C, w i t h  t a i l  o f f ;  at equal  a 
( n o t  e q u a l  cL) 

D 

R 

? 

n 

P 

P 

p r o p e l l e r  diameter 

p r o p e l l e r  rac l ius  

a i y s p e a d  

r e v o l u t i o n s  o f  p r o p e l l e r  p e r  secont! 

air d c r r s i t y  

y o w G r  i n p u t  t o  p r o p e l l e r  
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T a x i a l  p r o p o l l o r  blirusD 

dV".D.> 
t h rus  t c o e  f -i" i c i en t 

f o r c e  n o r m a l  t o  ~ r o p e l l c r  a x i s  duc t o  i n c l i n a t i o r  
o f  p r o p e l l e r  t o  a,ir s t r e a m  

% 

cni LTp p r o p e l l c r  normal - force  c o e f f i c i e n t  6:;) 
K ;)r ope 11 e r n 01'ms.l-f o r  c e f it6 t o r  , 

pnrr jmetcr  f o r  d e t e r m i n i n g  downwash behind. 
i n c l i n e d  progol1e . r  ?tire t:, a 2  

K, 

g;! p n r a n o t e r  f o r  d . e t c rmin ing  downwcsh hehilid 
i n c l i n e d  p r o p e l l e r  duo t o  A a  

k f a c t o r  u s e d  i n  comput ing  K, and K, 

Q, ?,nglc o f  r e f c r e n c o  a x i s  t o  r c l z t i v e  wind 

UT a n g l e  o f  p r o g e l l e r  t h r u s t  a x i s  t o  r e l a t i v e  wind., 
CL 3. t i l t  o f  t h e  p r o p e l l e r  

hapower o f f  wing upwnsh n t  propeller d i s k  w i t h o u t  s l i p  
s t r o a m  i n f l o w  ( u p f l o w  p o s i t i v e )  

Aapowor oil wing upwash f t p r o g e i l e r  L 5 s k  r . iS t h  s l i p s t r c n m  
i n f l o w  

e i n c l i n a t i o n  o f  - ; i r o ? e l l c r  a x i s  t o  r o s u . l t c c t  d i r c c -  
t i o n  of wind. a t  h o r i z o n t a l  c e n t e r  l i n e  o f  
p r o p e l l e r  disk ( a 2  3. Aa) 

de/c ia  r a t i c  o f  r a t 2  o f  c?,.?ngG o f  8 t o  a, (dCpen?-Cnt 
on d i s t a n c e  nhoac? of w i n g ,  f i g ,  2 8 )  



A O *  

A E  
*I 

9 

a 

V(  i + a )  

S 

downwa.sh behind wing,  w i t h  p o v e r  o f f  ( t o  be 
t a k e n  as  t h a t  a t  c e n t e r  l i n e  o f  wake nnless 
slipstream i s  v e r y  mach a b o v e  o r  b e l o v  win,yj 

i n c r e m e n t  i n  downwash, i r ,  s l i p s t r e a m  duo  t o  
p r o p e l l e r  f o r c e s  

t h a t  part of A r p  due  L O  CZT 

t h a t  p a r t  of  Acp due t o  A a  

l o c a l  dynszic pressure 

f r  e o- 6 t rs ax dyne m i c p r  e s s u r  e 

e f f e c t i v e  change  i n  t h e s e  t w o  q u m t i t i e s  :is 
deter .n i r .ed  bg c h a n g e  in. t a i l  p i t c h i n g  
moment 

v e l o c i t y  inere i i icn t  f n - c t o r  at p r o y . e l l e r  d i s k  

o , i r  v e l o c i t y  t h r o u g h  p r o p e l l e r  

V(l+S) ;?ir v - . l o c i t y  b;ick o f  p r o p e l l e r  d i s k  i n  t h e  
sl i p s t  r cam 

S wing  a rea  

t a i l  a r e a  

c l c v a t o r  arcz a f t  or" hing.2 l i n e  

St 

s e  

b wing span 

bt i 
C wing  mean ne rodynrmic  chord .  

spen  o f  t a i l  irnmcrsed i n  s l i p s t r e a m  

a v e r a g e  c h o r d  o f  t a i l  immorsed 
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d t  

h t  

H 

Ch, 

F 

Ej: 

Su’Ssc r ip t s  

1 - 5 . 5  

“ 0 .  6 

a r e a  of t a i l  immersed i n  s l i p s t r e a m  
( b t i  C t i )  

a v e r a g e  e l e v a t o r  c h o r d  aft of h i n g e  l i n e  

t a i l  i n c i d e n c e  t o  r e f e r e n c e  l i n e  

e l e ~ a t o r  a n g l e ,  d e g r e e s  

d i s t a n c e  f r o a  T r o p e l L e r  d i s k  t o  c e n t e r  of 
g r a v i t y  o f  n i r p l n n o  ( E e a s u r e d  parallel 
t o  t h r u s t  l i n e )  

2 0  

d i s t a n c e  from c e n t e r  o f  g r a v i t y  t o  c l o v a t o r  
hiIlge line (niensured p:7brnllel. t o  t h r u s t  
l i n e )  

c? i s t anco  f r o n  c e n t e r  o f  g r a v i t y  t o  t h r u s t  
l i x e ,  p o s i t i z r e  when c e n t e r  of g r a v i t y  i s  
nbovc t h r u s t  l i n e  ( n e a s u r e d  p e r p e n d i c u l z r  
t o t h r u s t  l i n e )  

d . i s t a n c e  f r o n  elevator h i n g e  l i n e  t o  r e f e r e n c e  
a x i s ,  p o s i t i v e  when t a i l  i s  a b o v e  r e f e r e n c e  
a x i s  (measured p c r p c n d i e u l a r  t o  r e f e r e n c e  
axis) 

d i s t a n c e  f r o n  s l P p s t r c r t n  c c n t e r  l i n e  t o  t a i l ,  
p o s i t i v e  vhcr? s l i p s t r e a n  i s  abcvo  t a i l  

eleTrat o r  h f n g e  noGent 
H 

e l e v a t G r  hir-ge-i.:ornent c o e f f i c i e n t  

r a t e  o f  change  o f  e l e v a t o r  hinge-uonent c k  
o f f i c i e s t  w i t h  t a i l  i n c i d e n c e  

e l e v a t o r  s t i c k  f o r c e  

a c c e l e r a t i o n  of g r a v i t y  (32.2 f t / s e c 2 )  

n a g n i t u d o  o f  t i l t  of t h e  p r o p e l l e r  a x i s  



I n  t h e  c c c p u t a t i o n  o f  t h e  no rna .1  f c r c o  a c t i n g  c n  3 

p r o p e l l e r  i;l. t h e  p r e s e n c e  o f  a wicg i t  i s  n e c e s s a r y  t o  
k-ow t h e  a d 3 i t i o n s z l  e f f e c t i v e  t i l t  of  t h e  p r o p e l l e r  ( A a ) ,  
cnused  by t h e  u p w ~ s h  i n  f r o n t  o f  t h e  wing,  I n  t h e  r e p o r t  
t h i s  h a s  'ccc;: expressed n s  

The r e l a t i o n  betweer,  t h e  p o i > ~ e r - - o f f  and t h e  power--on A a  t a k e s  
i n t o  a c c o u n t  +Le i n c r e a s s d  ax ia l  v e l o c i t y  at t h o  p r o p e l l p r  

( f i g .  40)  due t o  inflow, Thc value o f  ------------ i s  

g i v c n  i n  f i g z r e  28 as a fcnction o f  t h e  two main v a r i a b l e s ,  
wing a s n c c t  r a t i o  and  d i s t a n c e  f o r w a r d  of  t3.e w i n s  quzrtcr- 
chorc! l - l r l o .  ( V e r t i c a l  l o c a t i o n  o f  p r o p l l e r  aasunel!  t o  be 
s u l f i c i a n : l y  c i o s o  t o  x-axis of w i n g  s'? t h a t  i t  i s  n o t  o 
s i g n i f  icQ1i.t v n r i a b l - e , )  T h i s  v ' a r i a t i o n  h a s  bzen d e r i u c d  (3,s 
f o l l o w s :  T 3 c  cicwnrsash 6 Et nng p o i n t  , ? l o n g  t k e  x--axis c f  
t h c  w i n ?  w i t h  e l l i p t i c a l  s p a n  l o a d i n g  w i l l  b e  

d(  hapower o f f  

d C L  

w h o r e  
b 

q = 2 c o s  8 
.&-.-- I+-- -+ -3- --"I i 



and E, i s  t h e  downwash a0 t k s  lifting T i n e  

- % E o  - - 
7lA 

(2.;) 

and i n  t k e  t c r m s  of t h e  sign c o n v e n t i o n s  o f  t h i s  r e p o r t  

A a = -  E 

S u b s t i t u t i . n g  i n  e q u a t i o i i  (38) a n d  d i f f c r c n t i n t i n g  g i v e s  

The CUL'VBS 31' f i g u r e  2 9  c.ro :i p l o t ,  o f  t h i s  e q u a t i o n  f o r  

vnr i 011s val-ue s o f  a n d  t isTcct r a t i o ,  
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23  

I n  t h i s  a p p r o n d i x  the spribol  n o t a t i o n  u s e d  by Gl sue r t  
i n  r c f c r c n c c  2 i s  u s e d ,  r a t h c r  t h z n  t h n t  o f  t h e  main body 
of t h i s  r e p o r t ,  s o  t h a t  r e a d y  c r o s s  r e f e r o n c c  c a n  be mndc. 

S l a u e r t  i n  r e f e r e n c e  2 (pp.  357-360) d e v e l o p s  a re la -  
t i o n  between t h e  s i d e  f o r c e  Y on a p r o p e l l e r  and t h e  
i n c r e a s e d  a n g l e  of  downwash C beh ind  i t ,  F o r  t h e  c a s e  
considered the s i d e  f o r c e  i s  p r o p o r t i o n a l  and 

Y = $T (C3) 

where 

The e n g l e  ( $ - E )  as  shown i n  f i g u r e  1 2 3  o f  r e f e r e n c e  2 i s  
t h e  i n c l i n a t i o n  of t h e  p r o p e l l e r  a t  t h e  p r o p e l l e r  d i s k ,  In 
t h e  c a s e  o f  a, p r o p e l l e r  i n  t h e  p r e s e n c e  of t h e  wing, t h e  
i n c l i n a t i o n  o f  t h e  p r o p c l l e r  i s  i n c r e a s o d  by Au,, t h e  up- 
w a s h  i n  f r o n t  o f  t h e  wing a t  t h e  p r o p e l l e r  d i s k ,  ( S e e  f i g ,  
40 o f  t h i s  r e p o r t , )  Thus f o r  t h i s  c a s e  

S u b s t i t u t i o n  of t h i s  e x p r e s s i o n  f o r  @ ( i n s t e a d  o f  e q u a t i o n  
( c z ) )  i n  the e q u a t i o n s  

r o s u l t s  i j i  t h e  f o l l o w i n g  
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and 

I t  w i l l  b e  notied t h a t  t h e  f i r s t  t e r m  o f  e a c h  o f  t h e  a b o v e  
e q u a t i o n s  is t h a t  due t o  t h e  i n c l i n a t i o n  o f  t h e  p r o p e l l e r  
t o  ti?,; f r o e  s t r e a m  and i s  e q u a l  t o  t h o  Gla7 ie r t  e x p r e s s i o n  
f o r  same, The second  t e rm i s  t h o  s u p p l e m e n t a l  downwash 
a r i s i n g  f r o n :  t h e  i n c r e a s e  ia p r o p e l l e r  normal  f o r c e  duc t o  
t h e  wing upwash. 

12 t h e  r e p o r t  X, e.nd K, are d e f i n e d  i n  a c c o r d a n c e  
w i t h  e q u a t i o n  ( C y )  s o  t h a t  

T h G  v a r i a t i o n  cf IC, and IC2 w i t h  X/(V/nR)2 and 
T, i s  g i v e n  i n  f i g u r e  32. 
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Fig. 1 





Fig. 3 
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Figure 7 , -  Variation of E[ with V/nD for model propeller at a blade 
angle of 21.0' at 0,75 radius. 
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NACA ACR NO. LE29 Fig. 26a 

Figure 26(a to c).- Effeat of Propeller operation on longitudinal handling characteristics 

Normal tail position, flaps up. 
of  a single-engine airplane with two tilts of the propeller axis. 
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Figure 26.- (Continued). 
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Figure 26.- (Concluded) e 
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Figure 28.- Variation o f  upwash with distance 

ratios 
chord l i n e  of e l l i p t i c  wings ~f various aspect 
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IPAOA ACR NO. &as Fig. 34 
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Figure 37 (a to e).- Schematic pictures of slipstream looation with trro tilts of the 
propeller axis. Normal tail  looation, flaps defleoted 38O, 2100 horeepower. 
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\ 
Figure 37. - (Concluded). 






